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1 METHOD FOR ENHANCING THE EFFICIENCY 

2 OF AN ELECTRICAL MACHINE 
3 

4 Technical Field 

5 

6 In the development of motor vehicles having lower fuel consumption, an 

7 increasing amount of attention is paid to the portion of fuel consumption caused 

8 by the electrical components in motor vehicles. It is assumed that the additional 

9 fuel consumed to generate 100 W of electrical power is in the magnitude of 0.1 to 

10 0.15 I of fuel per 100 km driving distance. It follows that electrical machines used 

1 1 in the motor vehicle, e.g., a generator, are required to output electrical power with 

12 optimal efficiency. 
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«? 14 Related Art 

Q 15 

JU 1 6 Today, the generation of electrical power in motor vehicles usually takes place 

^ 1 7 using claw-pole alternators. These alternating-current machines are connected to 

fy 

tj] 18 the vehicle electrical system— which is a direct-voltage network— via a passive 

ri 

?1 19 diode rectifier bridge. The generators used to produce electrical energy in motor 

s y 

20 vehicles are dimensioned so that they can deliver the electrical power required to 

21 supply the electrical components even when the engine is idling. 
22 

23 In order to meet the expected increase in demand for making electrical power 

24 available in motor vehicles in the future as well, alternators, such as a claw-pole 

25 alternator, can be outfitted with pulse-width modulation inverters. Using these 

26 components, the output of the alternator can be increased considerably, 

27 especially in its lower speed range. 
28 

29 Today, alternators are usually dimensioned in such a fashion that, together with 

30 the diode rectifiers, they already start outputting electrical power below the idle 

31 speed of an internal combustion engine. The speed at which the generator 


1 reaches a terminal voltage of 1 4 V with full excitation is in the magnitude of 1 000 

2 to 1200 min" 1 . During idle (at a generator speed of approximately 1800 min" 1 ), the 

3 power output reaches a tangent point of the power curve. At this operation point 

4 of the alternator, the output of electrical power reaches approximately 60 to 70% 

5 of its maximum value. The tangent point mentioned is usually set in the engine 

6 idle of the internal combustion engine. The electrical machine is most efficient at 

7 the tangent point. 
8 

9 The maximum value of the output of electrical power that occurs is reached at a 

10 generator speed of approximately 6000 min" 1 and increases practically no further 

1 1 at higher speeds. 
12 

1 3 Although this dimensioning of an electrical machine working in the generator 

14 mode results in a very good compromise between size and the requirement that 

1 5 electrical power be completely covered, even when the internal combustion 

16 engine of a motor vehicle is idling, the electrical machine operates within a very 

17 high speed range close to its short-circuiting point to output maximum electrical 

1 8 power. As a result, the stator copper losses that occur are considerable. 
19 

20 Presentation of the Invention 

21 

22 The operation of an electrical generator having allocated pulse-width modulation 

23 inverter allows the number of stator windings on the stator of the generator to be 

24 designed according to design criteria other than the inception speed of the 

25 generator at which the output of electrical power sets in. By means of the pulse- 

26 width modulation inverter allocated to the electrical machine, the power output of 

27 the electrical machine can be directed along the torque line in the lower speed 

28 range, independently of the number of coils in the stator winding of the generator. 

29 By means of the operating mode of the electrical machine with downstream- 

30 installed pulse-width modulation inverter, the inception speed at which the 

31 electrical machine outputs electrical power can be reduced so far that sufficient 


1 electrical power can be output even when an internal combustion engine is idling. 

2 By operating the electrical machine using pulse-width modulation inverters, 

3 therefore, sufficient electrical power is available, even at low internal combustion 

4 engine speeds. It is no longer necessary to rely on the terminal voltage of the 

5 machine exceeding the nominal voltage. 
6 

7 If the pulse-width modulation inverter is operated using an electrical machine, the 

8 stator winding of which comprises a smaller number of coils, the following 

9 advantages can be attained in the upper speed range: 
10 

11 On the one hand, in the upper speed range, either the output of the electrical 

Q 12 machine can be increased, or its efficiency can be significantly enhanced. In 

C3 

y 1 3 electrical machines having a small number of coils, compared to electrical 

3 - 

J! 1 4 machines having a larger number of coils— with electrical output the same— a 

Ms 

03 1 5 lower slot electrical loading is attained with the electrical machine having a 

™ 1 6 smaller number of stator windings. Assuming a slot space factor that is equal for 

1 7 the electrical machine having a larger number of coils and for the electrical 

fij 1 8 machine having a smaller number of coils, markedly fewer losses in the winding 

In 

?4 1 9 copper occur in the electrical machines having a smaller number of coils. 

"TBS? 

W 20 Moreover, the losses occurring in the iron caused by the slot electrical loading 

21 are also reduced (harmonic losses). The machine winding of the electrical 

22 machine is therefore able to be dimensioned for minimal total losses in one 

23 driving schedule. 
24 

25 Using the means proposed according to the invention for attaining the object of 

26 the invention, i.e., to operate an electrical machine having a small number of 

27 coils using a pulse-width modulation inverter, the performance of these electrical 

28 machines can be fully utilized in the upper speed range. As a result, there is a 

29 power reserve available in terms of making electrical power available. 
30 


1 Brief Description of the Drawing 

2 

3 The invention is described in greater detail hereinafter using the drawing. 
4 

5 Figure 1 shows a schematic configuration of an electrical machine having 

6 downstream pulse-width modulation inverter. 
7 

8 Figure 2 shows the control ranges of the electrical machine, limited by the 

9 course of power limit, power factor cos (p, and voltage limit, and 
10 

1 1 Figure 3 shows the courses of power curves for electrical machines having 
I 12 different numbers of coils, plotted against speed. 
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H 1 5 Detailed Description of the Exemplary Embodiments 


■3 16 
17 

18 downstream pulse-width modulation inverter. 


11 17 Figure 1 shows a schematic configuration of an electrical machine having 


in 

X2 3 


19 

20 An electrical machine 1 comprises an excitation winding 2 in which an exciting 

21 current 3 flows, also labelled V. Moreover, a stator winding 4 that, depending on 

22 the design of the electrical machine 1 , can comprise more or fewer winding coils 

23 wi or w 2 . The stator winding 4 of the electrical machine 1 operable in the 

24 generator mode is connected to a converter bridge 6 via its terminal connections 

25 5. The converter bridge 6 — designed as a pulse-width modulation inverter — 

26 contains a number of switches that are represented here as field effect 

27 transistors having backward diodes, 7, 8, and a capacitor 9. The voltage 

28 difference between the machine terminals 5 and the voltage u Ne tz in the vehicle 

29 electrical system of a motor vehicle can be compensated for via the pulse-width 

30 modulation inverter 6. The load 1 1 , which represents the electrical equipment in 


1 the vehicle electrical system of a motor vehicle, is indicated via an adjustable 

2 ohmic resistance. 
3 

4 Figure 2 shows the control ranges of an electrical machine 1 , each of which is 

5 limited by the course of power limit, voltage limit, and the course of the power 

6 factor cos (p. 
7 

8 The control range— labelled "I"— of an electrical machine 1 is determined, on the 

9 one hand, by the voltage limit 16 and, on the other hand, by a section of the 

10 torque line 29. In this control range, the terminal voltage of the electrical machine 

H 11 1 does not yet reach the maximum possible output voltage of the converter 6. 

q 12 The maximum efficiency of the machine is reached when the minimal current 

p J 1 3 flows in the stator 4 at a constant power output. If the magnetic uniaxiality of a 

83 14 claw-pole alternator is neglected at first, this is achieved when a pure cross 

63 

p 1 5 current flows in the stator winding and the direct-axis current becomes zero. In 

16 the control range I, the converter 6 has not yet reached its voltage limit, and it 

H> 1 7 can set the desired stator current. The exciting current 3 is set to its maximum 

in 18 value, so that a minimum of stator current in the stator winding is required for the 

l p 19 output required. The losses in the stator winding 4 exceed the excitation losses 

20 by far, so it is favorable to increase the excitation current 3 to the maximum value 

21 and minimize the stator current in order to optimize the efficiency. The maximum 

22 torque of the electrical machine 1 is restricted by the maximum stator current. 

23 The electrical power 12 output by the electrical machine 1 increases in linear 

24 fashion with the speed 1 3. 
25 

26 The control range II — shown in Figure 2 — of an electrical machine is limited at 

27 the top by the course of the power curve and at the bottom by the course of the 

28 power factor cos q>, reference numeral 15. The control range II corresponds to 

29 the range of field weakening and is achieved when the machine voltage of the 

30 electrical machine 1 has reached the ceiling voltage of the converter 6. Then, the 

31 converter 6 cannot increase the voltage any further. A range of field weakening is 


1 realized by means of a direct-axis current occurring in the electrical machine 1 . 

2 The exciting current iF in the excitation winding 2 of the electrical machine 1 

3 remains set at its maximum value in order to realize a minimal stator current in 

4 the stator winding 4, so that the losses occurring there are minimized. 
5 

6 The control range III according to Figure 2 is restricted by the course of the 

7 power factor cos <p (reference numeral 15) and the course of the speed axis 13. If 

8 the direct-axis current in the electrical machine 1 reaches a value at which the 

9 power factor cos cp of the electrical machine 1 has reached the value cos q> = -1 , 

10 a change in the control structure is favorable. Although the control range II of the 

1 1 electrical machine 1 could be continued much further to higher speeds, better 

□ 12 efficiency is achieved when the exciting current of the electrical machine 1 , iF is 

hi 

u 13 reduced. 

03 14 

m 

Q 1 5 Under the basic condition of a constant terminal voltage at the electrical machine, 

q 16 the efficiency reaches a maximum when the power factor 15 reaches the value 1 

J"* 1 7 (or -1 ). Current and voltage are then in phase and, for the case of constant 

Ul 18 nominal voltage (i.e., ceiling voltage of the converter), the phase current is lowest 

Sjl 19 and, therefore, so are the losses that occur there. This operating state 

20 corresponds to an electrical machine 1 having a downstream diode bridge 

21 operated in the generator mode. The regulation of the output electrical power 12 

22 takes place via the regulation of the exciting current 3. The basic condition of a 

23 maximum terminal voltage at cos (p = -1 is fulfilled by the rectifier bridge. 
24 

25 Figure 3 shows the course of the power curves for electrical machines having 

26 different numbers of coils wi or w 2 , each plotted against the speeds of the 

27 internal combustion engine or the electrical machine operable in the generator 

28 mode. 
29 

30 Two speed values 25.1 are plotted on the axis representing the courses of 

31 speed. One of the speed values corresponds to a first inception speed in the 


1 diode mode of an electrical machine 1 having a number of coils Wi, and a second 

2 inception speed 25.2 for a second electrical machine having a second speed w 2 . 

3 An inception speed that applies for both generator designs (number of coils w<\ 

4 and number of coils w 2 ) having a pulse-width modulating inverter is plotted with 

5 reference numeral 20. Different courses of the output 12 of electrical power result 

6 for the two electrical machines 1 operable at one pulse-width modulation inverter 

7 6, which electrical machines 1 are presented in comparison to each other in the 

8 diagram according to Figure 3 with different numbers of coils for the stator 

9 winding 4. 
10 

M 1 1 The torque line 29, which reflects a linear relationship between speed and output 

12 electrical power, has its origin in the vicinity of the origin of the coordinate system 

13 comprising the axes 12 and 13. For a low speed range, the course of the torque 
83 14 line 29 is identical to the course of the power limit 14, which, extending as 

□ 1 5 asymptote at higher speeds, deviates from the course of the torque line 29. 
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Li 


u 16 


H 17 The course of the curve labelled with reference numeral 23 represents the 

r| I 

\h 1 8 course of the power output of an electrical machine 1 having a larger number of 

19 coils Wi, while the course of the curve 24 illustrated using the dotted line 

ty 

20 represents the course of the power output of an electrical machine 1 having a 

21 number of coils w 2 that is lower compared to wi. The course of the power output 

22 of an electrical machine 1 in the diode mode is illustrated by reference numeral 

23 22. Based on the course of the characteristic line in the diode mode of the 

24 electrical machine 1 , it becomes apparent that the output of electrical power 

25 drops off drastically in the range of idle speed of an internal combustion engine, 

26 so that the use of a generator having such a characteristic line in motor vehicles 

27 is impossible. 
28 

29 In contrast, from the diagram according to Figure 3, one can derive that the 

30 course of the output of electrical power 12 according to the course of the curve 

31 23 — which represents the power output during operation of an electrical machine 


1 1 using a pulse-width modulation inverter— also allows for the allocation of a 

2 pulse-width modulation inverter to an electrical machine 1 a sufficient power 

3 output 12 of an electrical machine 1 corresponding to the torque line 29 even in 

4 the idle range up to close to the origin of the diagram up to the inception speed 

5 20. The output of electrical power can be held in this range via the converter 

6 bridge 6 independently of the number of coils Wi or w 2 , i.e., independently of the 

7 further course of the curves 23 or 24, which deviate from each other considerably 

8 at higher speeds. 
9 

10 For the lower speeds represented according to Figure 3, e.g., between the 

h* 1 1 speeds 20 and 25.2, the pulse-width modulation inverter 6 must be able to 

p 12 process a machine current that is inversely proportional to the numbers of coils 

H 1 3 wi or w 2 of the stator winding 4. This means that a larger pulse-width modulation 

03 14 inverter 6 is required for stator windings 4 having a smaller number of coils w 2 . 

03 

P 1 5 The slot electrical loading of the electrical machine 1 is identical for both windings 

s 1 6 having different numbers of coils Wi and w 2 . 

C3 

h* 17 

HI 

18 The following can be derived from the comparison of the power limits 23 and 24 

1 9 for electrical machines 1 having different numbers of stator windings and w 2 : 

Hi 

20 On the one hand, the inception speed of an electrical machine 1 in the generator 

21 mode having a small number of stator windings w 2 at the diode rectifier 25.2 is 

22 quite high compared to the inception speed of an electrical machine for generator 

23 operation having an inception speed 25.1 . 
24 

25 On the other hand, the power output P max , indicated by reference numeral 26, is 

26 much higher for an electrical machine having a smaller number of coils w 2 than 

27 for an electrical machine 1 , the stator winding 4 of which comprises a larger 

28 number of coils wi. The power output 27 P max , wi<w2 is much lower at higher 

29 speeds, compared with the maximum 26 P maX| W 2 of an electrical machine 1 

30 having a stator winding 4 comprising fewer coils w 2 . 
31 


1 An electrical machine 1 in the generator mode having a smaller number of stator 

2 windings w 2 is therefore not fully utilized in terms of its performance in the upper 

3 speed range. It only needs to cover the power requirement of the vehicle 

4 electrical system of a motor vehicle. Due to the smaller number of coils of the 

5 stator winding 4, the slot electrical loading and, therefore, the stator copper 

6 losses that occur, are much lower in such an electrical machine 1 than in an 

7 electrical machine 1 having a number of coils wl In the electrical machine 1 

8 having a smaller number of stator windings, a magnetic flux that is 

9 correspondingly greater occurs. This flux leads to greater losses in the iron 

10 region of the electrical machine 1 . In the claw-pole machines of today, however, 

• 1 1 the current-dependent copper losses in the stator winding and the harmonic 

£3 12 losses in the machine outweigh the losses mentioned hereinabove from the 

O 

yj 1 3 magnetic fundamental wave field. 

a 14 

03 1 5 By operating an electrical machine 1 in the generator mode, the number of coils 

a* 16 in the stator winding can be selected more freely by operating the electrical 

H 1 7 machine using a pulse-width modulation inverter 6. The converter 6 in the form of 

fU 18 a pulse-width modulation inverter always makes the power output 12 along the 

Ul 

q 1 9 torque line 29 possible in the lower speed range. This is independent of the 

W 20 number of coils \Ni or w 2 of the electrical machine 1 selected in the respective 

21 case. Currents that behave inversely proportional to the number of coils are then 

22 to be processed in the pulse-width modulation inverter. 
23 

24 In the upper speed range, i.e., in a speed range above the inception speed 25.2 

25 on the speed axis 13 according ot the representation in Figure 3, using a smaller 

26 number of coils w 2 brings about a considerable improvement in either the power 

27 output 12 or efficiency of the electrical machine. When a stator winding having a 

28 smaller number of coils w 2 is used, correspondingly lower slot electrical loadings 

29 result in the upper speed range. Provided that the same slot space factor is given 

30 as with an electrical machine 1 having a larger number of coils wi, markedly 

31 smaller losses therefore result in the winding copper. Moreover, the iron losses 
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caused by the slot electrical loading are reduced. As a result, a type of machine 
winding designed having fewer coils can be dimensioned for minimal total losses 
in one driving schedule. Accordingly, a reduction in the number of coils of an 
electrical machine 1 operated in the generator mode leads to improved efficiency 
in the total system, although it must be noted that field effect transistors must be 
designed stronger, which, however, are also correspondingly easier to regulate 
by means of a stronger design. 
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1 

Electrical machine 

2 

Excitation windina 
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3 

Excitina current ip 

4 

Stator winding 

5 

Terminal connections 

6 

Converter 

7 

Diodes 

8 

Switching valves 

9 

Capacitor 

10 

Nominal voltaae 

11 

Load 

12 

Electrical power output 

13 

Soeed 

14 

Course of power limit 

15 

Course of power factor for cos (p = 1 

16 

Voltage limit 

17 

Control range I 

18 

Control range II 

19 

Control ranae III 
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20 

Idle soeed 

21 

Power curve for larger number of coils wi 

22 

Operation using diode bridge 

23 

Power limit of converter mode 
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26 

Maximum power at w 2 

27 

Maximum power at w-i 

28 

Power reserve 

29 

Torque line 


